Experimental investigation of machining is cost prohibitive. The number of parameters to control, the exhaustive material characterisation and the time consuming procedure to determine the mechanical responses like cutting forces restricts experimental studies. In this context, mathematical modelling can be a feasible tool for studying the various responses in machining. This paper presents an attempt to investigate orthogonal machining of unidirectional Glass Fibre Reinforced Plastic Composite (UD-GFRP) materials using mathematical modelling. The model entailing fibre orientation, shear strength, depth of cut, feed, friction angle and rake angle is constructed for investigating the tangential cutting and feed cutting force developed during machining. The numerical results are compared to the experimental results. The comparison indicates that the model provides satisfactory prediction of the cutting forces. The relations between process parameters are discussed.
INTRODUCTION
Composite materials are used extensively due to their higher specific properties of strength and stiffness. When compared to monolithic alloys, these materials offer interesting opportunities for new product design. However, being non-homogeneous, anisotropic and reinforced by very abrasive components, composites are difficult to machine. Significant damages on the work piece may be introduced and high wear rates of the cutting tools are experienced.
Glass fibre reinforced plastic composite (GFRP) materials are an important class of materials in advanced structural applications due to their light weight, high modulus and specific strength. However, because of the anisotropic and heterogeneous nature of the materials, it has been difficult to predict the cutting forces reliably. There have been many studies in the machining of GFRPs. The first theoretical work on this subject was reported by Everstine and Rogers [1] . They formulated a model for the prediction of minimum cutting force in the case of parallel fibre orientation (0 ο ) based on the continuum mechanics approach. Koplev et al. [2] observed that the machining process of orthogonal cutting of unidirectional carbon fibre reinforced plastic composite (UD-CFRP) materials in 0 ο and 90 ο fibre orientations for understanding the chip formation behaviour. They measured the cutting forces for a 0 ο specimen for different rake angles, clearLetter ance angles and depths of cut. They concluded that the tool tip did not actually cut into the specimen but applied a pressure which resulted in a series of fractures. Bhatnagar et al. [3] made some observations on the orthogonal machining of UD-CFRP laminates with different fibre orientations. They presented a model for predicting the cutting forces and the dependence of cutting direction on machinability requirements. They implied that the selection of cutting parameters and the cutting tool are dependent on the type of fibre used in composite and which is very important in the machining process. Caprino et al. [4] made orthogonal cutting tests on UD-GFRPs by holding the cutting direction parallel to the fibre orientation. The force data were interpreted in the light of a previously presented model, aiming to predict cutting forces as a function of the cutting parameters. Caprino and Nele [5] measured the unit cutting force for a unidirectional CFRP cut along the fibre direction, it was shown that the size effect took place also for composites. Ramesh et al. [6] made an initial attempt to develop a mathematical model for machining of fibre reinforced plastic composite (FRP) materials. The anisotropic theory of plasticity was utilized. They also emphasized that the maximum stress levels were found near the tool tip for 0° fibre angle. But, for other angles the maximum stresses were found just below the tool tip. Caprino et al. [7] made orthogonal cutting tests on UD-GFRP using high speed steel tools. Their results showed that the unit cutting force was a decreasing Birhan Işık, Erhan Altan function of the depth of cut. However, they presented a mathematical model. According to the model, the unit cutting force and coefficient were independent of both the clearance angle and the depth of cut. Wang and Zhang [8] investigated the cutting of CFRPs and found that the machinability and surface integrity were mainly controlled by fibre orientation. Zhang et. al. [9] developed an approximate mechanistic model to predict the forces in orthogonal cutting of UD-FRPs when the fibre orientation varied from 0 ο to 90 ο . They noted that when fibre orientation is greater than 90 ο , cutting involved some other deformation mechanisms. Palanikumar and Davim [10] developed a mathematical model to predict the tool wear on the machining of GFRPs using regression analysis and analysis of variance (ANOVA) in order to study the main and interaction effects of machining parameters; cutting speed, feed, depth of cut, and work piece fibre orientation angle. Davim and Mata [11] investigated the influence of glass reinforcement on chip compression ratio, chip deformation, friction angle, shear angle, normal stress and shear stress under prefixed cutting parameters (cutting speed and feed). The experimental physical model was compared with the Merchant equation. They presented the effect of glass fibres on composite leading to higher values of cutting forces, friction angle and normal stresses in comparison with unreinforced polyamide. Rao and et.al. [12] investigated the chip formation mechanism in orthogonal machining of UD-GFRP composites which was simulated using quasi-static analysis. The effect of fibre orientation, tool parameters and operating conditions on fibre and matrix failure and chip size were also investigated. They implied using the present model, the possible location of the fibre failure, matrix damage and interfacial debonding between fibre and matrix during the machining process could be predicted. Davim and Mata [13] evaluated the influence of the reinforcement on the chip thickness ratio, chip deformation, friction angle, shear angle, normal stress and shear stress under prefixed cutting parameters. Davim and Mata [14] evaluated the influence of glass fibre reinforcement on the chip compression ratio, chip deformation, friction, angle, shear angle, normal stress and shear stress under prefixed cutting parameters.
This paper aims at developing a mathematical model to predict the cutting forces in cutting UD-GFRP composites with 90 ο fibre orientation. The understanding of the cutting mechanisms in the modelling was achieved by experimental observations.
MODELING OF CUTTING FORCES

Development of the model for 90
ο fibre orientation The mathematical model was developed based on Zhang et al. [9] Unlike metals in which shearing is the major chip formation mechanism, in composites local bending at the fibre-matrix interface seems to be important during chip formation [12] . The mechanism of cutting in GFRP composites is dependent on the flexibility, orientation and toughness of the fibres, bond strength between fibre and matrix [15, 16] .
The deformation zone is shown in Fig. 1 . As shown in Fig. 1 , the resultant force (R) consists of the shear force (Fs) and the normal force (Fn) to the shear plane (AB). As known, the resultant force (R) is equal and opposite to the resultant force (R΄). Depending on Fs1 and Fs2, cutting of the fibres along CA and cutting of the matrix or delaminating of the fibre-matrix interface along BC can be expressed as:
where θ is the fibre-orientation varying from 0 ο to 90 ο and φ is the shear plane angle to be determined. The shear strengths τ 1 and τ 2 , in CA and BC directions respectively, can be expressed as:
where AC is the total length of all the cross section φ φ fractures from point A to point C while BC is the total length of all the matrix fractures from point B to point C. h is the thickness of the work piece material perpendicular to the yz-plane. So, Eq. 3 can be obtained by using Eq. 1 and Eq. 2.
Referring to Fig. 1 :
where t is the real depth of cut. By using Eq. 3 and Eq. 4, it can be expressed as:
In order to obtain the total shear force Fs, Eq. 1, Eq. 2 and Eq. 5 can be used as follow:
Since, Fn= Fs tan( φ +β-γ )
where β is the friction angle on the rake face, referring to Fig. 2 , tangential force (Fz) and feed force (Fy) can be calculated:
So, by substitution of Eq. 6 and Eq. 7 into Eq. 8, the cutting forces in the deformation zone becomes:
The form of chip removal during the cutting is given in Fig. 2 . The fibre orientation is equal to 90 ο . For orthogonal turning, by using depth of cut (a) and feed (f) instead of h and t, respectively, the equations become as follow: (11) 
Application of the model
To calculate the cutting forces, φ is needed to be determined. According to the general cutting mechanics: (12) where γ is the rake angle of the tool and (13) in which t c is the chip thickness. Due to the behaviour of GFRP during cutting like a typical brittle material reported by Wang and Zang [8] , it is reasonable to let r c = 1. Therefore, (14) can be calculated for γ = 6° and γ = 18° : The orthogonal model, presented by Merchant [17] can be used to approximate turning and certain other single-point machining operations as long as the feed in these operations is small relative to depth of cut [17, 18] .
The dynamic shear strength can be found based on the shear strength, Fs on the shear plane. Based on Merchant's Force Diagram reported by Shaw [19] , it can be formulated as: (15) where q is chip cross section on the shear plane and can be formulated as:
By placing Eq. 16 into Eq. 15, τ becomes:
By replacing Eq. 1, Eq. 2 and Eq. 5 into Eq. 17, it is clearly seen that: 
For orthogonal turning, by using depth of cut (a) and feed (f) instead of h and t respectively, τ 2 can be rewritten as: (20) To find the dynamic shear strength, some pilot experiments were made. The values of cutting forces obtained from the pilot experiments were placed into Eq. 20 and the average values of shear strengths (τ 2 ) given in Table 1 are presented. Bhatnagar et al. [3] suggested that:
For θ = 90°, Fz and Fy in Eq. 21 can be calculated as;
By placing the data obtained from the pilot experiments into Eq. 22, friction angles (β) were found to be γ = 6° and γ = 18°. The average of friction angles were approximately 30° and 47° for γ = 6° and γ = 18° respectively.
If the determined data are placed into Eq. 11, the cutting force data can be calculated according to the mathematical model.
EXPERIMENTAL PROCEDURE
Material
The GFRP material was produced by pultrusion method. The specifications of the material are shown in Table 2 . 
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Cutting tools and Equipment
The cutting tools used in this study were CERMET tools manufactured by TaeguTec with a 7º clearance angle. CT 3000 cermet tools were used because of its excellent wear resistance and lower coefficient of friction. Fig. 3 shows the experimental setup with a CNC lathe (JOHNFORD TC-35). In order to measure the cutting forces, the tool holder was installed in a dynamometer (KISTLER Type 9121), the cutting force signal being measured by a pick-up and passed to a computer after A/D conversion.
Before the cutting tests, calibration tests for run-out and revolution of the chuck and the dynamometer were done. The specimens for cutting tests, pultruded bars made of unidirectional E glass fibre reinforced plastics, were cut from 12 mm to 11 mm in diameter in order to avoid any surface damage and run-out problems. During each cutting test, the horizontal (Fx) and vertical (Fz) components of cutting forces were continuously recorded by the dynamometer. After three tests, the cutting tool was changed to prevent forces to be affected from tool wear reported by Işık [20] . 
Cutting conditions
The machining parameters investigated are cutting speed, depth of cut, feed and rake angles. In the experiments the following cutting conditions were used: several cutting speeds of 75, 100 and 125 m/ min; tool radii of 0.4 and 0.8 mm; depths of cut of 0.6, 0.9 and 1.2 mm; feeds of 0.2, 0.3 and 0.4 mm/ rev; and rake angles of 6 ο and 18 ο . (i) Previous studies indicated that, the tool wear increases with increase of cutting speed. The higher cutting speed was found to cause a large deformation rate of glass fibre and severe tool wear [21] and hence the cutting speeds was set at a low level (75, 100, 125 m/min.).
(ii) The depth of cut plays only a small role in composite machining process compared to cutting speed and feed rate [22] , but the higher depth of cut cause a deleterious effect on surface quality in GFRP machining and it also leads to more tool wear and hence low limits of depth of cut were chosen for the present study. The depths of cut considered in this work are 0.6, 0.9 and 1.2 mm.
(iv) The increase in feed increased the heat generation and hence, tool wear, which resulted in the higher tool wear [23] . The increase in feed rate also increase the chatter and it produces incomplete machining at a fast traverse, which leads to more tool wear and hence low feeds were selected (0.2, 0.3 and 0.4 mm/rev.).
RESULTS AND DISCUSSIONS
In the following figures, comparisons of the experimental and predicted cutting forces are given. As given in Figs. 4-7 , it was seen that during turning of unidirectional GFRP, the increment in the depth of cut and feed resulted in additional rise in the cutting forces as the chip cross-section area increased. On the other hand, load on the cutting tool raised with the increment of this area. The tool radius did not induce considerable effect on contact width of the cutting tool. Large tool radius led to higher cutting forces. Finally, any rise in the depth of cut, feed, tool radius and rake angle increased cutting forces. On the contrary, it was observed that the cutting speed was invertionally propotional to the cutting forces.
Rake angle has a big effect on shear strength. The shear strengths obtained from the experiments are smaller obtained from the model. So, small values were obtained for the experimental results of Ft and Ff.
Discontinuous chips were usually observed during the machining due to failure of the fibre and matrix material. The experiments showed that the size and shape of the chip depends mainly on the fibre orientation and depth of cut and to a lesser extent on tool geometry.
Based on Pearson`s Correlation Coefficient given in Eq. 23, the comparison between the experimental results and the model results was computed. (23) Where x and y are cutting forces obtained from the experiments and the model respectively, n is also value number. Different correlation groups were occurred according to feed, depth of cut, cutting speed, rake angle and tool radius. By taking arithmetic average of the correlation results, 82% similarity was obtained for UD-GFRP material having 90 ο fibre orientation.
CONCLUSIONS
In this study, cutting forces of unidirectional glass fibre reinforced plastic composites were examined on the basis of cutting parameters such as depth of cut, feed, tool geometry and cutting speed.
In addition, a mathematical model was developed in order to predict cutting forces. This model was applied for unidirectional glass fibre reinforced plastic composite materials with fibre orientation 90°. The results of the proposed model have been compared with the experimental cutting results. According to the model, a good agreement was obtained. The following conclusions can be drawn from the present study:
(i) The increase of depth of cut and feed resulted in additional rise in the cutting forces as the chip cross-section increased, i.e. the load on the cutting tool was affected considerably with the increment of this section.
(ii) The tool radius induced a slight rise in contact width of the cutting tool. The increment in tool radius increased the cutting forces. On the contrary, reduction of cutting forces was seen when cutting speed was increased. (iii) Any rise in the rake angle increased the cutting forces. (iv) In the comparison of the experimental and predicted results, the cutting speed of 75 m/min gave worse approximation than that of the others. The best approximation obtained from the model was for 100 m/min cutting speed.
As mentioned before, fibre orientation of 90° was fixed along the modelling and experiments. The results can change with various fibre orientations. To design a new product of polymer composites, machining of fibre, matrix and fibre-matrix is an important factor. 
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